In mammals, the majority of DNA double-strand breaks are processed by the nonhomologous end-joining (NHEJ) pathway, composed of seven factors: Ku70, Ku80, DNA-PKcs, Artemis, Xrcc4 (X4), DNA-ligase IV (L4), and Cernunnos/XLF. Cernunnos is part of the ligation complex, constituted by X4 and L4. To improve our knowledge on the structure and function of Cernunnos, we performed a systematic mutagenesis study on positions selected from an analysis of the recent three-dimensional structures of this factor. Ten of 27 screened mutants were nonfunctional in several DNA repair assays. Outside amino acids critical for the expression and stability of Cernunnos, we identified three amino acids (Arg 64 , Leu 65 , and Leu 115 ) essential for the interaction with X4 and the proper function of Cernunnos. Docking the crystal structures of the two factors further validated this probable interaction surface of Cernunnos with X4.
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In higher eukaryotes, DNA double-strand breaks (dsb) 4 are preferentially repaired by the nonhomologous end-joining (NHEJ) pathway composed of seven factors. The Ku70/Ku80 heterodimer recognizes the dsb and recruits the DNA-PK catalytic subunit (DNA-PKcs) forming the DNA-PK complex. DNA-ligase IV (L4) reseals the DNA break, in a complex including Xrcc4 (X4) and Cernunnos/XLF (Cernunnos), the most recently identified NHEJ factor (1) (2) (3) . When necessary, the DNA ends are processed by the Artemis nuclease (4) prior to ligation. NHEJ defects in human and mice result in severe combined immune deficiency because of abortive V(D)J recombination, the diversification mechanism of T and B lymphocyte antigen receptor genes (5) .
Co-immunoprecipitations (3) and yeast two-hybrid using X4 as a bait (1) demonstrated the physical interaction between Cernunnos and the X4-L4 complex. Cernunnos can also form homodimers (1, 3, 6, 7) . Sensitive protein sequence analyses revealed similarities within the globular head domain, the central coiled-coil region, and the unstructured C-terminal domain of Cernunnos and X4 (1, 3) , which were confirmed by the three-dimensional crystal structure of Cernunnos (6, 7) . Cernunnos depends on L4 for its inclusion within the X4-L4 ligation complex, which itself depends on X4 for the stability of L4 (8 -11) . Although Cernunnos activity necessitates the entire coiled-coil region, the very C-terminal domain, which was not included in the three-dimensional structures, is dispensable (11) despite its in vitro DNA binding activity (8, 12, 13) . Cernunnos does not have DNA-ligase activity on its own but stimulates the ligase activity of the X4-L4 complex (8, 9, 12, 14, 15) . Accordingly, human patients with Cernunnos mutations present a major DNA repair defect leading to severe combined immunodeficiency and microcephaly (2), a phenotype recapitulated in Cernunnos knock-out mice to some extent (7). 5 Cernunnos is therefore a "core" NHEJ component whose precise function during DNA repair still needs to be determined.
To define better the Cernunnos structure-function relationship, we performed site-directed mutagenesis on 27 residues, located in various regions of the protein or corresponding to positions mutated in Cernunnos-deficient patients. We initially screened these mutations for their impact on V(D)J recombination, a DNA recombination process that critically relies on effective NHEJ and selected 10 of them for additional analyses (expression, cellular localization, and dsb repair). We identified three amino acids (Arg 64 , Leu 65 , and Leu 115 ), defining a probable interaction surface of Cernunnos with X4, which was further accredited using docking analysis. Altogether, these results propose a first mapping of Cernunnos/X4 interface and under-* This work was supported by institutional grants from INSERM as well as grants from the Ligue National contre le Cancer (Equipe labellisée LA LIGUE), the Institut National du Cancer a/Cancé ropô le Ile-de-France, Agence Nationale pour la Recherche (ANR'06), and Commissariat à l'Energie Atomique (LRC-CEA 40V). □ S The on-line version of this article (available at http://www.jbc.org) contains supplemental "Materials and Methods," Figs. 1-8, Tables 1-3, and  additional line the major role of Cernunnos-X4 interaction on final steps of V(D)J recombination and on overall dsb repair process.
EXPERIMENTAL PROCEDURES
Cells-All cells were maintained in culture at 37°C, 5% CO 2 and 95% air. Cernunnos-deficient cells (Patient P2 described in Ref. 2) and OTel control cells are SV40-transformed and telomerase-immortalized skin fibroblasts (16) .
DNA Cloning-The WT Cernunnos was PCR-amplified from the cDNA library and cloned in fusion with a V5 tag into pcDNA5.1 vector (Invitrogen). Mutagenesis was performed using Pfu Turbo Taq polymerase (Stratagene) according to the manufacturer's recommendations. All constructs were subcloned into the pMND-myc-ires-EGFP retroviral vector, using BD In-Fusion (Clontech). High titer virus supernatants and transduction were performed as described (2) .
V(D)J Recombination Assays-In-chromosome V(D)J recombination assays were performed, with or without co-transfection of Cernunnos-expressing plasmids (2.5 g), as described (2, 16) .
Western Blotting (WB) and Immunoprecipitation (IP) Experiments-Cernunnos, WT, and point mutants expressing constructs were transfected in 293T cells. IPs were performed on precleared lysates using rabbit polyclonal anti-V5 (Abcam) and rabbit polyclonal anti-IgG (Santa Cruz Biotechnology) as described (3) and revealed by WB using mouse monoclonal anti-V5 (Invitrogen) or rabbit polyclonal anti-L4 (Acris), anti-X4 (Serotec), or anti-Cernunnos (Bethyl) antibodies. Protein loading was verified using mouse monoclonal anti-Ku70 and anti-myc (Santa Cruz Biotechnology) antibodies.
Immunofluorescence Detection-Patient P2's cells, transfected with the Cernunnos-V5 (WT, R57G, C123R, F117D, W119A, K26A, L115D, R64E, L65D, R178A, and L24A) cDNA constructs, were seeded on coverslides. 24 h later, cells were washed with PBS and fixed with 4% paraformaldehyde in PBS for 15 min. After each step, coverslides were rinsed three times with PBS. Cells were incubated for 20 min with PBS containing 0.1 M glycine, permeabilized with 0.5% Triton X-100 for 15 min, incubated for 30 min with PBS-BSA solution, and finally labeled with the mouse monoclonal anti-V5 (Invitrogen) antibody, followed by washes with PBS-BSA solution and incubation with Alexa Fluor 546 goat-F(AbЈ) secondary anti-mouse IgG antibody (Molecular Probes). Slides were counterstained with 0.1 g/ml DAPI (4Ј,6Ј-diamidino-2-phenylindole) and mounted in Fluorsave (Calbiochem). Slides were viewed by epifluorescence microscopy (Axioplan; Zeiss). Images were taken by a cooled charge-coupled device camera and processed using Adobe Photoshop 9.0.
Immunofluorescence Detection of Ionizing Radiation-induced Foci (IRIFs)-Cernunnos-deficient fibroblasts transduced with the empty MND-myc-ires-EGFP retrovirus or containing Cernunnos (WT, R57G, C123R, F117D, W119A, K26A, L115D, R64E, L65D, R178A, and L24A) were seeded on coverslides and ␥-irradiated (2 Gray). DNA repair foci were labeled with mouse monoclonal anti-␥H2AX (Millipore) antibody, revealed by the Alexa Fluor 546 goat-F(AbЈ) secondary anti-mouse IgG antibody (Molecular Probes), 2 h and 24 h after IR as described (2) .
Bleomycin Sensitivity Assay-Cernunnos-deficient cells were transduced with MND-myc-ires-EGFP virus expressing Cernunnos (mock, WT, R57G, C123R, F117D, W119A, K26A, L115D, R64E, L65D, R178A, and L24A) as above to generate mixed populations of untransduced cells and transduced cells expressing Cernunnos-myc and EGFP. Established cell lines were treated with increasing doses of bleomycin for 1 h. The frequency of GFP-expressing cells was analyzed by FACS over 14 days (Becton Dickinson FACScalibur flow cytometer). The selective advantage conferred by Cernunnos-myc was determined by calculating the ratio of GFP ϩ (transduced) to GFP Ϫ (untransduced) cells, set to 1 prior to bleomycin treatment.
Purification of Cernunnos (WT and Mutants) and X4
Proteins-Cernunnos 1-224 was subcloned into an expression vector derived from pETM13 (G. Stier, EMBL, Heidelberg) with a C-terminal His 6 tag. Cernunnos mutants (L65D, R64E, and L115D) were generated using the QuikChange kit (Stratagene). Cernunnos 1-224 (WT and mutants) expressed in BL21(DE3) cells were grown at 37°C and induced with 1 mM isopropyl 1-thio-␤-D-galactopyranoside for 4 h. Cells were resuspended in buffer T (20 mM Tris, pH 8.0, 10 mM ␤-mercaptoethanol, 10% glycerol, 100 mM KCl). After lysis and clarification, lysate was brought to 1.5 M KCl. Sample was applied to a nickel-nitrilotriacetic acid-agarose (Qiagen). Bound Cernunnos 1-224 was washed with 150 ml of buffer T ϩ 25 mM imidazole and stepeluted with buffer T ϩ 220 mM imidazole. Pooled fractions were loaded onto a Resource Q column (GE Healthcare) equilibrated with 10 mM sodium phosphate, pH 8.0, 10 mM ␤-mercaptoethanol. Proteins were eluted with a linear gradient from 0 to 400 mM NaCl. Purified Cernunnos 1-224 was dialyzed in buffer P (25 mM sodium phosphate, pH 8.0, 150 mM NaCl, 10 mM ␤-mercaptoethanol) and 25 units of benzonase nuclease (Novagen). Human X4 1-203 was subcloned into the pExp vector with a His 6 tag in N-terminal (17) . X4 1-203 was expressed in Rosetta (DE3) cells (Novagen) and induced with 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside for 16 h at 20°C. Cell pellets were resuspended in 50 mM Tris, pH 8.0, 1 M KCl, 2 mM EDTA, 2 mM DTT, 1 mM PMSF, 10% glycerol. After lysis and clarification, X4 was purified by nickel affinity chromatography (GE Healthcare). The column was washed, and the sample was eluted with a gradient from 40 to 300 mM imidazole. X4 was further purified on a Hiprep 26/60 Sephacryl S-200 column (GE Healthcare) equilibrated with buffer P (25 mM sodium phosphate, pH 8.0, 150 mM NaCl, 10 mM ␤-mercaptoethanol).
Isothermal Titration Calorimetry (ITC)-The calorimetric titration experiments were performed using a VP-ITC (MicroCal). All solutions were degassed under vacuum prior to measurements. X4 at 20 M in the calorimeter cell was titrated by WT or mutant Cernunnos at 200 M at 10°C by automatic injections of 10 l. The first injection of 2 l was ignored in the final data analysis. Integration of the peaks corresponding to each injection and correction for the base line were done using Origin-based software provided by the manufacturer. The fit of the data to a single-site interaction model results in the stoichiometry (n), equilibrium binding constant (K a ), and enthalpy of complex formation (⌬H). Control experiments were performed with WT or mutant Cernunnos injected into the buffer to evaluate the heat of dilution.
Docking of Cernunnos and X4 Crystal Structures-The coordinates of the X4 and Cernunnos proteins (Protein Data Bank codes 1FU1 and 2QM4) were used as starting structures for docking experiments. Regions exhibiting sequence conservation among different species and located at the solvent-exposed surface of both Cernunnos and X4 were analyzed using the Rate4Site algorithm (18) . The docking procedure was performed following the guidelines published in Ref. 19 . First, a set of structural models satisfying the constraints from conservation analyses were generated, clustered, and filtered using the HADDOCK software (20, 21 ). A refinement procedure was then performed on the most promising structural models using the RosettaDock software and in the absence of any constraints (22, 23) . Extensive structural perturbations with RosettaDock calculated from the initial best HADDOCK model led to an ensemble of low energy conformations that clustered around a specific solution. Interestingly, this assembly can be reached with almost no modification of the unbound structures (root mean square deviation to the monomeric proteins is 1.0 Å and 1.13 Å for X4 and Cernunnos, respectively).
RESULTS
Rationale for Site-directed Mutagenesis-We defined four groups of Cernunnos residues to mutate based on our initial in silico protein sequence analysis (3) and published three-dimensional structures (6, 7 Fig. 1 ), whereas the other six positions define a contiguous patch exposed to the solvent (Fig. 1) . The second group contains 13 residues located at the interface between the globular head domain and the beginning of the long helix forming the coiled-coil structure. 26 and Asp 40 are very well conserved among Cernunnos orthologs. Amino acids with shared sequence similarities between X4 and Cernunnos and corresponding to the L4 binding region of X4 constitute group 3. This region is of particular interest as it is the site of a major difference in the three-dimensional structure of Cernunnos and X4 (6, 7) . It is part of the hinge, which allows the folding back of helix ␣5 (or ␣E) onto helix ␣4 (or ␣D) and in the helix ␣5 (or ␣E) in Cernunnos, whereas it is linear in X4. The structure of this region is therefore more compact in Cernunnos, occlud- 2R9A (6) ). This figure shows the positions of the amino acids of four groups, as selected for this point mutational analysis. Group 1 corresponds to two sets of conserved amino acids, which were predicted to cluster at the surface of the globular head domain (with Leu 61 , Phe 117 , and Trp 119 (green) actually buried in the experimental structure). Group 2 corresponds to a set of amino acids predicted to be included in the interface between the head and stalk domains. Group 3 includes conserved amino acids in the stalk domain (L4 binding region of X4), whereas group 4 is formed by amino acids, which are associated with naturally occurring mutations.
ing a potential L4 binding site. Li et al. proposed that this region of Cernunnos could rearrange to adopt an X4-like extended coiled-coil structure (7). We designed two simple mutants affecting Glu 182 and Arg 178 in this region. The X4 F 180 IXXL cluster in X4 is critical for the interaction with L4 (24) . Because these residues are conserved in Cernunnos (F 189 LXXF), we designed a double mutant (F189D/L190D) based on the one tested for X4 by Modesti et al (24) . The last group (group 4) comprises two amino acids, Arg 57 and Cys 123 , whose mutations were identified in human Cernunnos-deficient patients ( Fig. 1 ; see "Discussion") (2).
Each mutant was analyzed for its capacity to complement the intrachromosomal V(D)J recombination assay (2) in Cernunnos-defective fibroblasts ( Fig. 2 and supplemental Fig. S1) . Seven of the 27 tested mutants failed to complement in vivo V(D)J recombination (K26A, R64E, L65D, L115D, F117D, W119A, and C123R), and one (R57G) retained partial activity. Although the R178A mutant retained full activity in our initial in vivo screen, it was analyzed further because of its previously described low activity using an in vitro assay of mismatched DNA ends (6) . L24A was kept as a control in subsequent experiments. None of these 10 selected mutants exerted a dominant negative effect on V(D)J recombination (supplemental Fig. S1 ).
Cellular Phenotype of the Selected Mutant-Protein expression level of the V5-tagged mutants was verified by WB analysis (Fig. 3A) on whole cell extracts from 293T cells. L24A, R64E, L65D, L115D, and R178A had an expression similar to WT. In contrast, K26A, R57G, F117D, W119A, and C123R mutations resulted in a weaker protein level most likely reflecting a decreased stability of these mutant proteins. We derived Cernunnos-defective fibroblasts stably expressing myc-Cernunnos mutant (WT or mutant) and co-expressing GFP, to verify proper cellular localization by immunofluorescence (Fig. 3B) . Although the weak expression of R57G, C123R, W119A, K26A, and F117D makes it difficult to conclude with certainty on their proper nuclear localization, it appears that the L24A, R64E, L65D, L115D, and R178A mutants are correctly localized in the nucleus.
DNA Repair Functions of Cernunnos Mutants-We next analyzed the capacity of each mutant to confer a selective advantage to Cernunnos-deficient cells upon treatment with increasing doses of the radiomimetic drug bleomycin (Fig. 4, A and B) . A selective advantage, as judged by an increase in the frequency of GFP ϩ -transduced cells, was obtained with Cernunnos-WT, but not with the mutants K26A, R57G, F117D, W119A, and C123R, whose expression was reduced compared with WT and which we consider as unstable (Fig. 4A ). In addition, we noticed a persistence of ␥H2AX IRIFs (a hallmark of Cernunnos deficiency (2)) 24 h after IR in cells transduced with these mutants (Fig. 4C) . Strikingly, a slight spontaneous selective advantage (in the absence of bleomycin treatment), comparable with that of WT, was noticed with the R57G mutant (Fig. 4B) , suggesting a very weak DNA repair efficiency sufficient to cope with the few DNA lesions introduced during V(D)J recombination ( Fig.  2) but not with a larger amount of dsb provoked by IR or bleomycin (Fig. 4, A-C) . Using myc-tagged WT-Cernunnos and V5-tagged WT or mutants Cernunnos, we found that the R57G and F117D mutants retained the capacity to dimerize with WT Cernunnos. In case of K26A, W119A, and C123R, this analysis was hampered by the weak expression of these mutants. Moreover, in our experimental conditions, the R57G mutant has lost the interaction with X4 (Fig. 4B) (8) . Phe 117 , Trp 119 , and Cys 123 , which are buried within the hydrophobic core, are likely to be involved in the correct conformation of the head (see Fig. 6 , left panel). Lys 26 and Arg 57 , which are not present in the hydrophobic core, may participate in the overall stabilization of the head domain through bonding with other critical amino acids (see Fig. 6 , left panel, gray and red boxes; see "Discussion"). R57G can be considered as a hypomorphic mutation in human patients (2) given its general weak activity, whereas the other patient-driven mutation, C123R, can be considered as a complete loss of function (Figs. 2, 4, 5 and supplemental Fig. S1) .
A second group of mutants selected on their WT expression level (R64E, L65D, L115D, R178A, and L24A) was analyzed using the same procedures. L24A, which was initially considered as a control based on its full V(D)J recombination complementation, turned out to only partly complement the general dsb repair defect as judged by the intermediate selective 
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advantage following bleomycin (Fig. 4D ) and the incomplete disappearance of ␥H2AX foci 24 h after IR (Fig. 4F and  supplemental Fig. S2 ). Consistent with this slightly reduced activity, L24A still provided a spontaneous selective advantage to Cernunnos-deficient cells as noted above with R57G (Fig. 4E) . The same overall cellular phenotype was observed with R178A, whose effect on a V(D)J recombination was only minimal. These two mutants can thus be considered as hypomorphic. R64E, L65D, and L115D mutants, whose expression level and cellular localization were unperturbed, were unable to complement either the spontaneous or bleomycininduced decrease in cell survival (Fig. 4, D-F) or the ␥H2AX foci kinetics following IR (Fig. 4F) , arguing for a critical function of these residues. Interestingly, these three amino acids are exposed to the solvent and thus may participate in the interface with a Cernunnos partner (Fig. 6 , right panel, see below and "Discussion").
Cernunnos Interacts Directly and Specifically with X4 through a Conserved Site in the N-terminal Head-To clarify the loss of function of the mutants R64E, L65D, and L115D, we analyzed their interaction with the Cernunnos cognate partner X4 by co-immunoprecipitation experiments from 293T-transfected cells (Fig. 5) . Although they were able to interact with WT fulllength Cernunnos (Fig. 5A) , they did not associate with the X4-L4 complex (Fig. 5C ). To quantify further the strength of the interactions between the various Cernunnos mutants and X4, we purified X4 (amino acids and Cernunnos (amino acids 1-224) fragments as well as the three Cernunnos mutants to homogeneity from Escherichia coli (supplemental Fig. S3 ) and verified their secondary structure content and Stokes radius by circular dichroism and analytical size exclusion chromatography, respectively (supplemental Figs. S4 and S5 and supplemental Materials and Methods). The WT and mutant Cernunnos fragments presented similar spectra with two minima at 208 and 222 nm that are characteristic of ␣ϩ␤ proteins in agreement with the x-ray structure of Cernunnos (6, 7, 25, 26) . These proteins presented a similar size exclusion chromatography profile in agreement with homodimerization as observed by crystallography. Altogether, these results attest for the correct folding of the in vitro produced various Cernunnos proteins. We performed calorimetry studies to measure the dissociation constant of the Cernunnos-X4 interaction in solution (Fig. 7) . The binding reaction (ITC performed at 10°C) between the WT Cernunnos and X4 gave an endothermic heat exchange (positive enthalpy) (Fig. 7A) . Integrated thermograms were fitted to a one-site binding model and gave a dissociation constant of 4.2 M in agreement with the previously 7.8 M value determined by BiAcore (7). The isotherms obtained with R64E and L115D Cernunnos mutants confirmed their lack of interaction with X4 in the same experimental conditions (Fig. 7, B and C) . The L65D mutant led to a 20-fold decrease (K d Ͼ 80 M) of affinity for X4 compared with the WT protein (Fig. 7D) .
To explore further the sites involved in Cernunnos-X4 interaction, a molecular modeling of the complex was realized by docking the crystal structures of Cernunnos and X4 (see "Experimental Procedures," supplemental Figs. S6 and S7, and supplemental Tables 1, 2 , and 3) Based on these observations, we propose that Cernunnos and X4 interact through the distal part of their respective head domains (Fig. 8) . The co-crystal structure of the two proteins should help clarify this issue in the future.
DISCUSSION
Human Mutations of Cernunnos-Two naturally occurring missense mutations (R57G and C123R) have been described in humans (2) . Our results confirmed that R57G results in a cytoplasmic mislocalization, as previously described (7, 8) . Accord- ing to the three-dimensional structure of human Cernunnos (6, 7), R57G probably participates in the stabilization of the head conformation through hydrogen bonding via its guanidinium group with the side chain of Glu 47 and the main chain of Asn 120 (Fig. 6, left panel, gray box) . All of our functional assays are consistent with R57G being hypomorphic. The residue Cys 123 is located in the hydrophobic core of the head domain (Fig. 6 , left panel). The mutation C123R has been predicted to highly destabilize the head domain with consequences on the whole protein (7). We confirmed that prediction by visualizing an abnormal and granular cellular localization of this mutant. Structure of the Head Domain-The three-dimensional experimental structures highlighted several very conserved Cernunnos residues, critical for the maintenance of the hydrophobic core such as Trp 45 and Trp 119 (6, 7) . In this study, we noticed that W119A leads to the destabilization of the protein (Fig. 6, left panel, upper box) , arguing for a structural rather than a "functional" role for this residue, as first noticed by the initial sequence alignments between Cernunnos and X4 (3). Trp 119 probably contributes to the head stability through several contacts with hydrophobic residues such as Leu 26 , Phe 121 , and Val 54 but also as it participates in hydrogen bond networks involving Tyr 34 and Glu 47 . One particular feature of Cernunnos highlighted by the three-dimensional structures is the unexpected presence of a kink in the stalk domain, which reverses the direction of the polypeptidic chain and allows additional interactions between the head domain and the last helix (helix ␣6 or ␣F) of the C-terminal region (6, 7) . Helix ␣6 indeed wedges itself between the head domain and helix ␣4 (or ␣D) with, as a consequence, a greater angle between the head and stalk domains than in X4. According to these structures, Trp 13 and Lys 26 , which were selected in our mutational studies, participate in an intricate network of hydrogen bonds, involving Gln 215 and Tyr 218 in the C-terminal helix ␣6, as well as His 134 in helix ␣4 (Fig. 6, left panel, red box) . In our analysis, the mutation of Trp 13 in alanine, however, did not have any impact on the V(D)J recombination efficiency and was not included in the subsequent experiments (Fig. 2) . On the contrary, K26A led to the destabilization of the protein and to the loss of the DNA repair function (Fig. 6) . These results demonstrated that the fold of the Cernunnos head domain, as well as the stabilization of this fold through intramolecular interactions, are critical for the function.
Mapping the Interaction with X4-The main conclusion driven by our mutational study resides in the better definition of the interacting surface of Cernunnos with X4. Leu 115 had previously been shown to be critical for this interaction using native gels (6 respective mutants preserve protein stability, cellular localization, and secondary structure content but abrogate the interaction with X4. The crystal structures of Cernunnos indeed established that these three amino acids are clustered at the surface of the head domain as we had proposed based on homology modeling, revealing the probable surface of interaction of Cernunnos with X4 (Fig. 6, right panel) . Our results are in good agreement with two-hybrid and pulldown results that identify an interaction between N-terminal region (1-128) of Cernunnos with X4 (27) . Two preceding studies report on the quantitative analysis of the Cernunnos/X4 interaction either through measurement on native gel (6) or on immobilized surface (7). We used microcalorimetry to quantify this interaction in solution. The isotherm analysis revealed an interaction between Cernunnos and X4 driven by entropy term with a weak unfavorable enthalpy term. Such behavior has already been observed in interaction between HIV proteases and its inhibitors, for example (28) and suggests an interface with reduced area (weak enthalpy term) and significant hydrophobic contribution (entropy-driven). Altogether, our thermodynamic data are in agreement with the rather small patch identified by molecular docking between Cernunnos and X4 and centered on residues Arg 64 , Leu 65 , and Leu 115 for Cernunnos. Interestingly, the triad Arg 64 , Leu 65 , and Leu 115 coincides perfectly with one of the most conserved amino acid patches in Cernunnos (supplemental Fig. S6 ) further arguing for the functional relevance of this X4 interacting region. The interaction site proposed for X4 is also in agreement with mutational analyses reported by Andres et al. (6) Further experimental structural data of the complex will help to precise the arrangement between X4 and Cernunnos. The arrangement of the two dimeric proteins in our docking model (supplemental Fig. S8 ) suggests that additional interactions may occur between the Cernunnos-X4 complex and additional FIGURE 6 . Structuring and interacting residues of human Cernunnos. Ribbon representation of the three-dimensional structure of human Cernunnos (Protein Data Bank code 2R9A (6)) highlights residues analyzed in this study and playing important role for the Cernunnos structure ("structuring" residues, left) and function ("interacting" residues, right). At the left are two boxes, with emphasis on the neighborhood of residues participating in the hydrophobic core of the head domain ( Cernunnos or X4 monomers. The crystal structure of the combined Cernunnos and X4 should help clarify this issue. Cernunnos-X4 interaction in vivo relies on the presence of L4 that makes an almost constitutive complex with X4. How may the presence of L4 affect the Cernunnos/X4 interactions described here is of particular interest. Additional studies in vivo and in vitro are needed to be definitive on this point. However, the low resolution structure of the X4-L4 complex recently reported by electronic microscopy (29) suggests that the large catalytic domain of L4 would occupy a position to one of the two X4 dimer heads. These data and our study thus suggest a stoichiometry of Cernunnos/X4/L4 that can be 1/2/2 with Cernunnos facilitating the load of two X4-L4 complexes close to the DNA dsb (supplemental Fig. S8 ). Interaction is mediated by the distal end of the head of Cernunnos and X4 and is remote from L4 (magenta) binding site that is located on the X4 coiled-coil. Positions of the variants analyzed in this study are represented in stick in gray for VDJ neutral position, in orange for unstable variant, and in magenta for interacting residues. The inset presents a focus of the interface proposed with the residues identified in this study as essential for the interaction.
